A variety of isocyanide-substituted Fe(II) N-heterocyclic carbene (NHC) complexes has been synthesized, starting from an Fe(II) NHC complex with an equatorial, tetradentate bis(pyridyl-NHC) ligand (NCCN).
Introduction
Iron, the most abundant transition metal, has generated a broad range of chemical applications. [1] [2] [3] [4] [5] [6] [7] The urge to develop environmentally friendly, cheap, and toxicologically unproblematic catalysts further increased the signicance of iron coordination compounds in recent years. [8] [9] [10] This development in chemical research was mainly driven by studies on biological and bioinspired systems. [11] [12] [13] With iron active sites playing a crucial role in many biological processes, researchers intended to adapt nature's principles to articial systems. 14 Especially in the eld of iron-based, bioinspired oxidation catalysis remarkable advances were made in the last decade, leading to a better understanding of reaction mechanisms and to improved catalyst performance. 13, [15] [16] [17] A common structural motif of these compounds is the use of polydentate ligands with N donor atoms as supporting ligands for Fe(II) and Fe(III) complexes. 13, 18 Furthermore, the successful implementation of N-heterocyclic carbenes (NHCs) as ligands to a range of transition metal-catalyzed reactions also led to a constantly increasing number of reported iron NHC complexes with catalytic activity. 8, [19] [20] [21] [22] Electronic ne-tuning for an improved catalytic performance can be achieved by either variation of the polydentate ligand or by introduction of ligands with specic donor or acceptor properties into accessible coordination sites. 23 For instance, the impact of axial ligands with diverse electronic properties on the oxygenation reactivity in apical positions has been investigated in some detail.
24,25
Our group, for example, developed an Fe(II) oxidation catalyst bearing a tetradentate, equatorial bis(pyridyl-NHC) ligand (complex 1, Fig. 1 ). 26 Complex 1 catalyzes the oxidation of unreactive alkanes, aromatic hydroxylation, and olen epoxidation. [27] [28] [29] Beside modication of the equatorial tetradentate ligand it was demonstrated that the electronic structure of 1 is signicantly inuenced by axial ligand exchange. [30] [31] [32] Phosphine-and pyridine-based ligands were used in particular to probe the impact on the redox behavior. 27-29 2a as catalyst for the oxidation of unreactive alkanes showed an improved performance compared to 1.
29
In order to broaden the scope, tert-butyl isocyanide as easyto-handle ligand with both pronounced p-acceptor and sdonor abilities was successfully used to create an Fe(II) catalyst (2a) with only one accessible coordination site. 29 As 2a shows an improved performance as catalyst in the oxidation of unreactive alkanes, it was intended to expand the number of mono(isocyanide)-substituted Fe(II) complexes derived from 1. The use of isocyanides as ligands, being isolobal to carbon monoxide (CO), is well established in coordination chemistry. [33] [34] [35] [36] [37] Modication of the substitution pattern at the isocyanide functionality allows modulation of electronic and steric properties, rendering it a useful alternative to CO. 33, 38, 39 In this article the syntheses, structural, and electronic characterization of Fe(II) complexes with four isocyanide ligands bearing different substituents are described. The range of mono(isocyanide)-substituted derivatives of 1 is extended and also the behavior of 1 towards an excess of the respective isocyanide is investigated. Reaction monitoring by NMR spectroscopy is used to identify possible intermediates during the course of reaction. Finally, the impact of isocyanide ligands of the electronic structure of the obtained Fe(II) complexes is studied by cyclic voltammetry and the results are discussed in the context of previously reported ndings on the electronic tuning of Fe(II) complexes.
30

Results and discussion
Syntheses of mono(isocyanide)-substituted complexes
For substitution experiments with different isocyanides the starting complex 1 was dissolved in acetonitrile. Addition of isocyanide at room temperature resulted in a fast change of color from the characteristic orange of 1 to bright yellow. Four different isocyanides were used in this study: tert-butyl isocyanide (CN t Bu), cyclohexyl isocyanide (CNCy), benzyl isocyanide (CNBn), and 4-methoxyphenyl isocyanide (CN-pPhOMe). Previously, we reported the reaction of 1 with a slight excess (1.0 to 1.5 equiv.) of CN Single crystals suitable for X-ray diffraction were obtained for 3a and 4a by slow diffusion of diethyl ether into a saturated acetonitrile solution of the respective complexes. The molecular structures of the cationic fragments are shown in Fig. 2 . The molecular structures of 3a and 4a are very similar with the tetradentate NCCN ligand being arranged equatorially.
Compared to both starting material 1 and mono(CN t Bu)-substituted complex 2a the distances between the Fe atom and the coordinating atoms in the equatorial plane remain almost unchanged for 3a and 4a. Relevant structural parameters for the coordinated isocyanides such as the Fe-C distances (Fe1-C18: 1.847(4)Å for 3a and 1.852(3)Å for 4a) and the C-N bond lengths (C18-N7: 1.153(4)Å for 3a and 1.152(3)Å for 4a) are identical within the error margin for both mono(isocyanide)-substituted complexes. The distance of the acetonitrile ligand trans to the isocyanide is slightly larger for 2a-4a (Fe1-N8: 1.963(4)Å for 2a, 29 1.959(3)Å for 3a, and 1.953(2)Å for 4a) compared to 1 (1.9151(1)Å).
Syntheses of tri(isocyanide)-substituted complexes
Based on the successful isolation of the monosubstituted Fe(II) complexes the synthesis of disubstituted derivatives with both axial acetonitrile ligands being replaced by isocyanides was targeted. Thus, the amount of isocyanide for the reactions with 1 was increased to 2 equiv. on NMR scale, starting with CN t Bu.
Unexpectedly, 1 H NMR spectroscopy revealed a mixture of the monosubstituted complex 2a and a second compound. Based on the signal pattern this compound could not be described as the expected disubstituted Fe(II) complex. In order to identify the second species, an excess of CN t Bu (5 equiv.) was used for the reaction on an NMR scale. The resulting 1 H NMR spectrum revealed complete conversion of 1 to the second, unidentied species and the presence of free CN t Bu (Fig. 3 ). An additional increase of the amount of CN The tri(isocyanide) substitution was successfully extended to the isocyanides CNCy, CNBn, and CN-p-PhOMe to yield complexes 3b, 4b, and 5b, respectively. In all cases, an excess of the respective isocyanide in the presence of 1 leads to the formation of the tri(isocyanide)-substituted products. The course of the reaction is very similar to the formation of 2b from 1, with an excess of isocyanide being required for selective formation of 2b-5b. Addition of only 2 equiv. isocyanide yields a mixture of the respective mono-and tri-substituted complexes. . In addition to characterization in solution, single crystals suitable for X-ray diffraction were obtained for 2b, 3b, and 5b (Fig. 4) .
From the molecular structures shown in Fig. 4 it is evident that indeed one of the pyridyl moieties is no longer coordinating to the Fe atom as the 1 H NMR data suggest. The former tetradentate NCCN ligands coordinate meridional in a tridentate fashion and three isocyanides occupy the remaining coordination sites, completing the octahedral geometry of the 40 Interestingly, no well-dened difference is observed between the isocyanide trans to the NHC unit and the isocyanides that are positioned trans to each other.
Time-dependent analysis of ligand exchange reaction
During the formation of the tri(isocyanide)-substituted Fe(II) complexes it is likely that an intermediate species bearing two isocyanide ligands is formed. As characteristic signals of 2a and 2b in 1 H NMR do not overlap (see Fig. 3 ), the reaction of 1 with 5 equiv. CN t Bu was monitored over time by 1 H NMR spectroscopy.
With the rst data point being collected aer 3 minutes, the initial reaction step (formation of 2a from 1) proceeded too fast to be monitored at room temperature. Thus, the spectra were recorded at 10 C. Based on the 1 H NMR spectra, four different species were observed during the reaction (Fig. 5) . The amount of starting material 1 (purple triangles) quickly decays aer addition of CN t Bu. At the rst data point aer 3 minutes only 14% of 1 are le in the reaction mixture, and aer 9 min complex 1 has been converted completely to its isocyanide-substituted derivatives. As initial intermediate mono(CN t Bu)-substituted complex 2a is formed (blue Â) with a peak accumulation of 84% aer 7 min. Subsequently, 2a further reacts to form its higher-substituted derivatives and aer 80 min 2a is no longer detected in the reaction mixture. Most interestingly, at the rst data point aer 3 min a third . Two singlet signals at 1.09 ppm and 1.42 ppm with each having an integral of 9 are assigned to the two tert-butyl groups of the isocyanide ligands while the signal of the CH 2 bridge is split up to a doublet of doublets at 6.49 ppm with an overall integral of 2. As a full set of signals is observed for the remaining protons of the tetradentate ligand, a highly asymmetric structure for 2c is likely (Scheme 2). The observed asymmetry can only be achieved by a cis arrangement of the CN t Bu ligands, as a simple exchange of the trans labile acetonitrile of 2a would result in a highly symmetric structure with an 1 H NMR signal pattern similar to 1. 30 Hence, the meridional coordination pattern shown in Scheme 2 is indicated by the spectroscopic data for 2c as well. Based on time-dependent ratios of the Fe(II) complexes as shown in Fig. 5 each subsequent substitution by one additional CN t Bu starting from 1 proceeds slower. In the presence of an excess of isocyanide complex 1 is bound to form 2b, which is the thermodynamically most favored compound in the substitution equilibrium. The thermodynamic stability of 2b and all other tri-substituted complexes 3b-5b is also evident from 1 H NMR data in acetonitrile, as the respective spectra do not change aer storing the samples for several days under air. No exchange of the coordinating isocyanides by acetonitrile is observed, which stands in contrast to the observations reported for phosphine-based ligands.
Electrochemical investigations
Previous studies have revealed a signicant inuence of the substitution of the labile acetonitrile ligands of 1 on the electronic structure of Fe(II) complexes. 30 This was investigated both theoretically by DFT calculations and experimentally by determination of the half-cell potentials with cyclic voltammetry. While the half-cell potential of 1 was determined to be 423 mV (versus Fc/Fc + ), an exchange of only one acetonitrile ligand with PMe 3 reduced the half-cell potential to 325 mV. For the mono(isocyanide)-substituted complexes 2a-5a an increase in half-cell potential is expected compared to 1, as isocyanides are p-acceptor ligands in addition to their s-donor properties.
Coordination of a p-acceptor ligand should result in a decreased electron density at the iron atom, resulting in a higher potential required for the oxidation of Fe(II) to Fe(III). This should also hold true for the tri(isocyanide)-substituted complexes 2b-5b. In order to investigate the impact of the isocyanide ligands on the redox behavior of the respective complexes, all compounds 2-5 were subjected to cyclic voltammetry experiments and the respective data is shown in Fig. 6 . For all mono(isocyanide)-substituted complexes 2a-5a a fully reversible oxidation, assigned to the Fe(II)/Fe(III) redox couple, is observed. The half-cell potentials versus Fc/Fc + are 539 mV for 2a, 540 mV for 3a, 557 mV for 4a, and 573 mV for 5a. As expected, in all cases the required potential for the oxidation of Fe(II) is signicantly higher (116 mV to 150 mV) than observed for 1 and also for its mono(PMe 3 )-substituted derivative reported earlier. Within the series of 2a-5a, the variation of the substituents on the isocyanide functionalities has a small inuence on the half-cell potentials. Bearing alkyl substituents, complexes 2a ( t Bu) and 3a (Cy) show identical half-cell potentials, while the benzyl substituent in case of 4a leads to a slightly increased potential. For 5a this effect is more pronounced as the aryl substituent (p-PhOMe) inuences the isocyanide functionality to a greater extent due to p-conjugation. Cyclic voltammetry experiments of tri(isocyanide)-substituted complexes 2b-5b, however, lead to different results. In all cases, the oxidation is no longer reversible and requires a signicantly higher potential than 2a-5a. The peak current for the oxidation from Fe(II) to Fe(III) was found at 994 mV for 2b, 1091 mV for 3b, 1076 mV for 4b, and 1092 mV for 5b (all versus Fc/Fc + ). As 2b-5b are bearing three isocyanide ligands, the higher oxidation potentials can be explained by the accumulated electron-withdrawing ability of the p-acceptor ligands, leading to a signicantly reduced electron density at the iron atoms. A possible explanation for the irreversibility is the instability of the oxidized Fe complexes in the oxidation state +III, induced by the presence of three p-acceptor ligands.
It is likely that aer oxidation to Fe(III), the remaining electron density is no longer sufficient to maintain the given coordination environment and therefore one of the isocyanide ligands is removed from the coordination sphere. Consequently, the loss of one p-acceptor ligand most likely changes the respective reduction potential and the overall redox process is no longer reversible. Indeed, an independent, irreversible reduction wave was observed for 2b (592 mV), 3b (487 mV), and 4b (562 mV). In case of 5b this reduction wave is indicated only vaguely at 448 mV. Based on the NMR data for the reaction of 1 with excess CN t Bu to form 2b (see above) and the irreversibility of the electrochemical oxidation of 2b-5b from Fe(II) to Fe(III), these reduction waves are understood to have their origin in the respective di(isocyanide)-substituted intermediates.
Experimental
General remarks
All chemicals were purchased from commercial suppliers and used without further purication. Complexes 1 and 2a were synthesized according to the literature. 26, 29, 41 Liquid NMR spectra were recorded on a Bruker Avance DPX 400 and a Bruker Ultrashield 500 Plus with cryo unit. Chemical shis are given in parts per million (ppm) and the spectra were referenced by using the residual solvent shis as internal standards (MeCN- 
Syntheses of complexes
General procedure for the syntheses of mono(isocyanide)-substituted complexes. In a round bottom ask, complex 1 is dissolved in acetonitrile and 1.5 equivalents of isocyanide are added while stirring. Within minutes, the orange solution changes its color to yellow and aer 30 minutes of stirring at room temperature diethyl ether is added. The precipitate is collected by ltration and washed three times with diethyl ether. Aer drying under vacuum the desired product is obtained as air-stable, yellow powder. compared to starting complex 1 (423 mV). The tri-substituted complexes 2b-5b required a further increase in potential up to 1092 mV for the oxidation to Fe(III), albeit this redox step is found to be irreversible. The presented structural and analytical data can be used as a starting point for further modication of the Fe(II) complexes by adjusting the isocyanide substituents in terms of steric demand or s-donor/p-acceptor ratio.
